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The Judas animal control technique relies on the social nature of some invasive species to betray 
the location of their companions. It is an effective method of enhancing shooting programs in 
highly gregarious mammal species. We used social genetic data to examine the utility of the 
Judas technique in a novel species: wild dromedary camels (Camelus dromedarius). Firstly, we 
used molecular data (13 microsatellite markers from 1,050 camels) to characterize genetic 
diversity and relatedness within and between observed social groups. Genetic estimates of 
relatedness between pairs within a group (r = −0.058) were not different from a comparison 
between any 2 randomly selected individuals. We did not find relatedness within and between 
social groups to be significantly different for 78% of social groups, suggesting a fission–fusion 
social structure conducive to applying the Judas technique. Secondly, we performed an 
operational trial of the Judas technique to assess the predictions of the genetic data. We tracked 
10 collared Judas camels using a combination of satellite- and radio-telemetry for 9.0 ± 5.0 
(mean ± SD) months between 2008 and 2010. We found Judas animals with a cohort of animals 
on 96% of occasions. Cohorts displayed no significant size difference prior to shooting (9.3 ± 9.9 
animals), and after shooting (9.2 ± 7.5 animals). Genetic and operational data indicate that the 
Judas technique may be of utility in controlling camels at low population densities. This study 
also suggests that social genetic data can be used to assess applicability of the Judas technique for 
novel species.  
 
Populations of large invasive herbivores threaten biodiversity, agriculture, and biosecurity 
worldwide, and particularly in Australia (Bradshaw et al. 2007). Reducing the numbers of large 
herbivores in remote areas is expensive and logistically challenging. Moreover, a single attempt 
or one-off control efforts in specific areas are ineffective because of issues of reinvasion and 
incomplete removal of animals (e.g., Cowled et al. 2006). An understanding of the social 
structure of invasive species is needed for management programs to be effective; this can aid 
assessments of biosecurity risks (Krause et al. 2007, Wittemeyer et al. 2009) and likely 
effectiveness of different management strategies (Porter et al. 1991, Hampton et al. 2004a). In 
many invasive species, details concerning mating system and social groupings are usually less 
well known than biological traits such as diet, home range, and abundance. The relatively poorly 
understood social biology of many invasive species has hindered the effectiveness of population 
control programs, particularly for shooting methods (Cowled et al. 2006, Wallach et al. 2009). 
The Judas animal control technique is a highly effective method for controlling gregarious 
invasive species. The technique relies on the social nature of target species to betray the location 
of their companions. This involves releasing telemetry-collared animals and periodically tracking 
them to cull the cohort of companion animals that the individual has joined. The technique is 
particularly effective when pest animals are found at medium to low densities, or are widely 
dispersed in remote areas. Originally developed for feral goats (Capra hircus; Taylor and 
Katahira 1988), the method has since been tested and employed with many mammal species, and 
more recently, pest bird and fish species (Table 1). It has been used on a number of occasions to 
achieve successful local eradication of mammalian herbivores (e.g., McIlroy and Gifford 1997, 
Carrion et al. 2007, McCann and Garcelon 2008, Cruz et al. 2009). However, the technique relies 
upon the target species exhibiting sufficient flexibility in their social structure for monitored 
individuals to detect, and be accepted by, multiple animal cohorts. Although the technique has 
proven highly effective for some species, the social biology of other pest species has rendered it 
less effective (e.g., McIlroy and Gifford 1997). 
Information on the social structure, group dynamics, and mating system of invasive species 
would therefore be highly useful for understanding the way social interactions might be targeted 
by population control operations such as the Judas technique (Wallach et al. 2009). Research on 
social biology has traditionally been performed through direct observation studies. For remote 
areas and cryptic species, however, such study methodology is highly problematic. The modern 
tools of molecular ecology allow the elucidation of social behavior patterns over contemporary 
timescales that would otherwise be impossible using traditional direct measures of dispersal 
(Hampton et al. 2004b, DeYoung and Honeycutt 2005, Rollins et al. 2006, Guillemaud et 
al. 2010). This has given rise to the increasing integration of molecular ecology studies into 
invasive species management plans (Rollins et al. 2009, Spencer and Woolnough 2010). 
However, molecular ecology studies are rarely paired with demographic studies (although see 
Cowled et al. 2006), reducing the capacity for either method to inform the other. 
The dromedary camel (Camelus dromedarius) is extinct throughout its native range on the 
Arabian peninsula and northern Africa (Mason 1984) but has established an invasive or feral 
population in arid central Australia (Edwards et al. 2005). The wild dromedary camel is an 
unusual pest species in that it is poorly fecund and slow growing, has no history of invasiveness 
elsewhere, and exhibits low population densities when resources are unlimited (Long 2003). 
Nonetheless, the camel is a successful invasive pest in arid Australia, occupying some 37% of the 
Australian continent (Saalfeld and Edwards 2010) and shows no evidence of genetic sub-
structuring over its range of 3.3 million km2 (Spencer et al. 2012). Relatively little is known of 
the social dynamics of camels, with the exception of the unpublished study of Dörges and Heucke 
(1995). These authors showed that female camels live within cow groups, which are briefly 
dominated by a dominant male during a rutting season, whereas males tend to live in bachelor 
groups that are stable for up to 2 years (Dörges and Heucke 1995). 
The application of the Judas technique to wild camels was first suggested by Edwards et al. 
(2001) but had not since been trialed. We tested the predictions of social genetic data from a large 
sample of wild camels through an operational trial of the Judas technique in a novel species. We 
used genetic data from a large random sample of complete camel social groups to investigate 
local-scale and social group structure within and between groups. Our expectations were that in a 
highly flexible social system, we would observe little or no clustering of relatives within camel 
groups. Alternatively, if a stable family structure underpinned the social system, we would expect 
to detect a strong level of relatedness within groups (Storz 1999). Similarly, if the group structure 
was centered on a sex, for example in a matriarchal society, we would expect that females within 
each group would have, on average, a higher level of relatedness than males (in the same group; 
Storz 1999) and that females would display a different dispersal behavior from males, with the 
latter having a weak (if any) genetic spatial structure. Based on these predictions, we used 
population genetics techniques to uncover camel social behavior and predict the effectiveness or 
otherwise of the Judas technique, a method requiring high levels of gregariousness and social 
flexibility. The objectives of the Judas technique trial were to determine 1) how reliably Judas 
camels would be found with a social cohort and 2) whether Judas animals would quickly locate a 
new social cohort after culling of their existing cohort. 
 
Study area 
We collected genetic samples from 1,050 wild camels across their entire Australian distribution 
(Fig. 1; see Spencer et al. 2012) between 2005 and 2010 and in all months (Fig. 2). We collected 
samples opportunistically as part of helicopter shooting operations and sampled all animals from 
randomly selected social groups. Helicopter shooting is recognized as an approach that efficiently 
removes entire groups (Campbell and Donlan 2005). In addition to opportunistic operational 
sampling, we also obtained samples from a broad range of stakeholders including private 
landholders, government agencies, aboriginal people, and private landholders We carried out the 
Judas technique operational trial across the Great Victorian Desert (35° 38.8 S, 148° 58.8 E), in 
northwestern Australia between 2008 and 2011. We caught 10 adult female camels via 
helicopter-assisted chemical capture, as described in Boardman et al. (2014). 
 
Methods 
We collected tissue samples (ear biopsies) and preserved them in 20% dimethyl sulfoxide 
saturated with sodium chloride until we carried out molecular analysis. We extracted DNA 
following standard procedures described in Hampton et al. (2004b). We also collated basic 
demographic (estimated weight, sex, approximate age, date of collection) and global positioning 
system (GPS) location information for each animal. 
We determined DNA profiles using methods described in Spencer and Woolnough (2010) and 
Spencer et al. (2010). We initially manipulated genotypic data using Microsoft Excel (Microsoft 
Corporation, Redmond, WA, USA), checked it for errors, and created input files for other 
programs. To evaluate the quality of the dataset, we estimated an error rate in 2 ways. Firstly, we 
genotyped 20 randomly selected (adult) camels 3 times and scored 13 loci for a total of 780 pair-
wise comparisons (13 loci × 20 individuals × 3 repeat genotypes). We ran samples as a blind trial 
for the person setting up the genotyping as well as the person scoring. We then compared 
genotypes scores and found complete concordance between all alleles. We adopted a second 
approach, where we routinely re-genotyped individuals at times as a matter of good lab practice 
to ensure consistency of genotyping as well as to check for any differences in allele calls. We 
used the genotypes of 100 camels to estimate error rates between these paired comparisons. We 
identified 5 errors from 2,600 comparisons (13 loci × 100 individuals × 2 repeat genotypes), an 
error of 0.0019 per single locus polymerase chain reaction (PCR). These 5 error-calls involved 
the misinterpretation of allele banding patterns due to confusion between homozygote and 
adjacent allele heterozygote genotypes. Overall, the error is considered small, and comparable 
with other datasets of this size (e.g., Hoffman and Amos 2005). We generated descriptive 
statistics, including the number of alleles (direct count), expected heterozygosity (
), and F-statistics, via analysis of molecular variance (AMOVA) using 
GENALEX 6.5 (Peakall and Smouse 2006). We used GENEPOP version 3.4 (Raymond and 
Rousset 1995) to test the assumptions of Hardy–Weinberg equilibrium (HWE) and marker 
linkage. We tested departures from HWE using the Markov chain method of exact probability 
using (α = 0.05) table-wide corrections using a Bonferroni test (Rice 1989) and tested linkage by 
means of Fisher's exact tests. We further tested for the presence of null alleles using 
MICROCHECKER 2.2.3 (Van Oosterhout et al. 2004) and, from the initial dataset of 18 loci 
(Supplementary Table S1), we removed 5 loci that had been detected with null alleles at a 
(possible) frequency of greater than 20% (Supplementary Table S2). 
To describe the group structure, we defined a group of camels as 3 or more individuals sampled 
at the same location. We evaluated relatedness of camels within groups using Queller and 
Goodnight's (1989) pairwise relatedness (calculated for each pair). We then calculated the within-
group mean (R) along with 95% confidence interval via bootstrapping (1,000 iterations) and 
compared it with a null hypothesis of no relatedness among individuals within groups, generated 
by testing 1,000 random permutation of the dataset. We included only groups with 3 or more 
genotyped individuals in this analysis. We tested the hypothesis of matriarchal structure within 
groups by comparing the average Queller and Goodnight (1989) relatedness of pairs of females 
sampled within the same group with the average relatedness of males using a 1-tailed t-test. We 
tested for a relationship between pair-wise genetic distance (Smouse and Peakall 1999) and 
geographical distance (in km; measured from GPS-fixes) using genetic spatial autocorrelation 
analysis implemented in GENALEX 6.5. The spatial autocorrelation analysis calculates an 
autocorrelation coefficient (rsa; Smouse and Peakall 1999) for genetic distances as a function of 
geographical distance (km). The statistic rsa is an indirect indicator of genealogical relationships 
(e.g., full sibs, half sibs, etc.; Double et al. 2005). We generated the 95% confidence intervals 
around the expectation of no spatial genetic structure using 1,000 random permutations and 1,000 
bootstraps to calculate the confidence interval around rsa. We used heterogeneity tests (Smouse et 
al. 2008) using 1,000 random permutations to assess statistical significance when comparing 2 
autocorrelograms. The geographical distance at which the mean rsa value drops below 0 has been 
referred to as the genetic patch (see Epperson 2003 and Peakall et al. 2003) and represents the 
largest spatial scale at which genetic similarity is non-random. This measure is similar to Wright's 
neighborhood (defined by the effective number of breeders within a portion of a continuous 
population) except that the patch is a unit of spatial scale of the population structure, whereas 
Wright's neighborhood is not (because it is conditioned by Ne). Dispersal and patch size are 
related; however, the size of the patch may not necessarily represent a single generation of 
dispersal (distance), but it is the mean distance, across generations, at which relatives are spatially 
clustered. Its primary attribute is that patch size might provide support for the size of 
management unit(s). We also performed a spatial autocorrelation analysis at group level (Beck et 
al. 2008), where we calculated the autocorrelation coefficient (rsa) for the genetic distance 
between groups as a function of geographical distance (km). We used 2-dimensional local spatial 
analysis (Double et al. 2005) to further explore the spatial genetic patterns between groups. Using 
this approach, we compared each group with its 2, 6, and 10 nearest neighbor groups to 
investigate differences in the distribution of related groups throughout the landscape (e.g., cluster 
of related groups in particular regions). We conducted all relatedness and spatial analyses in this 
study in GENALEX 6.5 (Peakall and Smouse 2006). 
 
We deliberately chose female animals during the operational trial to put collars on because males 
are more likely to defend a home range from other males, whereas females are likely to move 
across the home ranges of different males (Woolnough et al. 2012). None of the animals selected 
were in an advanced state of pregnancy, associated with dependent young, lactating, or in poor 
condition. We carried out animal handling and welfare issues under authority from the Animal 
Ethics Committee number 4-08-24, issued by the Western Australian Department of Agriculture 
and Food. After immobilization was achieved, we fitted each animal with an ARGOS® 
satellite/VHF telemetry collar (Telonics, Mesa, AZ, USA and Ecoknowledge, Adelaide, 
Australia) as described in Lethbridge et al. (2010). All animals recovered from immobilization 
uneventfully and were located and observed to be behaving normally 24–48 hours post-capture. 
We deployed 8 collars in November 2008 and 2 in November 2009. 
We made opportunistic attempts at regular intervals, from 2008 to 2011, to locate the Judas 
individuals' radio signals from helicopters working close to the site of capture. If we could locate 
the Judas individual, we recorded the number of individuals in its social group. We also 
conducted specific field trips to record cohort sizes until November 2010. We initially determined 
animal locations via ARGOS® satellite telemetry, and once the helicopter had reached the site of 
the last satellite location, we used radio telemetry to locate the animal. We carried out all 
radiotracking from a Robinson® 44 helicopter (Robinson Helicopter Company, Torrance, CA, 
USA) with portable receivers and helicopter-mounted Yagi antennae. 
After the initial period of recording cohort size without manipulating the social structure, an 
operational Judas program trial began whereby we culled cohort animals regularly via aerial 
shooting, following the procedure outlined by Sharp and Saunders (2005). We opportunistically 
tracked Judas animals after shooting events to determine their success in finding another cohort 
of camels. We euthanized all Judas animals at the conclusion of the study, following the 
procedure outlined by Sharp and Saunders (2005), and retrieved collars. 
 
Results 
We used 13 loci in the analyses after removal of loci for which possible null alleles were detected 
(n = 5 null-allele loci; Supplementary Table S2). The 1,050 genotyped wild camels (representing 
181 groups) displayed 172 different alleles. All loci were highly (100%) polymorphic, containing 
between 6 and 25 alleles at each locus. We found no evidence of allele frequencies deviating 
from Hardy–Weinberg expectations. The expected heterozygosity estimates at each locus were 
between 0.06 and 0.86 with camels generally displaying low levels of genetic diversity, such as 
mean expected (HE) and observed (HO) heterozygosity of 54.4 ± 7.9% and 50.6 ± 7.8%, 
respectively. Similarly, HE estimates in the 181 groups ranged between 0.053 and 0.890 and a 
mean number of alleles (NA) of 13.1 ± 1.7 alleles per locus. The level of inbreeding across all 
samples in these camels showed that they were more inbred than expected from a random mating 
sample (FIS = 0.039, P < 0.001), and FST values revealed a similarly low level of genetic 
differentiation among the groups (FST = 0.042, P < 0.001), consistent with camels in Australia 
forming small, dynamic associations. Results from the spatial analysis (see below) indicate that 
the distribution of related individuals is not (completely) random and most likely explained these 
small but significant FIS and FST values. 
Of the Australian camels sampled, 861 were adults (438 M, 330 F, 93 sex not recorded) and 189 
were juvenile animals of non-breeding age (72 M, 107 F, and 10 with sex unknown). The 
majority of camels (86%) were aggregated into 181 discrete social groups of more than 3 
individuals, 119 were identified as solitary adults (78 M, 32 F, and 9 with sex unknown), and the 
remaining 28 were found in pairs. The mean adult group size was 4.1 ± 0.8 adults and the group 
size did not vary between months of sampling (Fig. 2). Overall from our sample, 13% 
(137/1,050) of camels were found unaccompanied, 9.5% were sampled in a dyad (pair), and 
29.8% were found in a group of between 3 and 5 individuals. We rarely (<6.3%) found camels in 
groups larger than 15 camels, although from aerial data, 20.2% of individuals were associated in 
groups of more than 15 animals. 
We observed 3 loci with low heterozygosity (<20%; LCA70, LCA37, and LCA65; 
Supplementary Table S2). Low heterozygosity may inflate estimation of relatedness, so we 
repeated all the relatedness analyses with these loci excluded. We also repeated the spatial 
autocorrelation analysis by sex and age. The results using the dataset with fewer loci (n = 10 loci) 
were almost identical to the findings when using the larger marker dataset (with n = 13 loci; 
Supplementary Table S1), we report only the latter. Only 31 groups (26.5%) had a mean 
relatedness greater than 0.125 (i.e., first cousin or above; Fig. 3) and surprisingly, an even smaller 
number of camel groups (19.7%; n = 23) contained individuals that were genetically related 
(P = 0.002; compared with random comparisons; Fig. 3). A small number (2.5%) were less 
related than would be expected, and the majority of camel groups 77.8% (n = 91) were not 
significantly more or less related than would be expected from a randomly tested sample. We did 
not find a relationship between pair-wise comparisons of the relatedness among group size 
(R2 = 0.0046; F1, 90 = 0.878; P = 0.357; Fig. 4A), and average relatedness within a group did not 
change between months (Fig. 4B). We further inspected for any possible association between the 
average relatedness within a group and the number and proportion of males or females, as well as 
the number and proportion of juveniles in the group, but no general pattern was detectable. Given 
the high statistical power afforded by genotyping a large sample of animals at 13 highly 
polymorphic microsatellite loci, the low relatedness levels observed were not likely associated 
with a lack of analytical power. 
To further elucidate possible dynamics responsible for the higher (mean) relatedness of the 23 
groups mentioned above, we inspected the time of sampling and the distribution of the pairwise 
comparisons that were above 0.125 (cousin level relatedness, n = 274). We did not detect a 
temporal pattern (i.e., these groups were sampled throughout the year). 
Most of these were between 2 adults (58%, n = 159), with 66% of these (n = 105) with at least 1 
individual in the pair being a female (in 36 cases both individuals were females). Around a third 
of the pairwise comparisons (33.2%, n = 91) were between a juvenile and an adult, with the adult 
being around half of the time either a male (n = 39), or a female (n = 51). The number of pairwise 
comparisons involving (at least) an adult female that were greater than 0.125 was higher than 
those for males ( , P < 0.001). 
We did not find the mean estimate of relatedness (R) between 2 females within a group to be 
significantly different from the mean relatedness of 2 males sampled in the same group. Adult 
male and female camels showed a positive spatial autocorrelation (P < 0.001; Fig. 5), with both 
sexes showing a patch size of around 300 km. The sexes displayed a different behavior 
(P = 0.036), with males having a larger rsa between 100–150 km distance class (P = 0.025) and 
females having a larger rsa for the 250-km distance class (P = 0.01; Fig. 5a). Adult females 
dispersed more than juvenile females (overall difference: P < 0.01), but adult and juvenile males 
showed no difference in spatial autocorrelation (Fig. 5). Similarly, the spatial analysis at group-
level revealed a positive spatial autocorrelation, with groups sampled at <300 km found to be 
more related (on average) than 2 randomly chosen groups (P < 0.01). The 2-dimensional local 
spatial analysis identified a number of groups that were significantly related to their patch; 
however, their spatial distribution appeared to be homogeneous, with no hotspots identified. 
We captured 10 Judas animals from 2 separate collaring trips, with 8 captured in November 2008 
and 2 captured in November 2009. We tracked Judas animals for 9.0 ± 5.0 (mean ± SD) months 
between 2008 and 2010. Of all attempts to sight Judas animals using a combination of satellite 
and radio telemetry, post-capture, 75% were successful. Home range size was very large, 
restricting the utility of radio-telemetry alone (see Spencer et al. 2012). We found Judas animals 
in groups of 2–58 (9.3 ± 9.4) camels on 96% of occasions (n = 50). We shot 149 cohort animals 
after tracking Judas individuals on 19 occasions. Cohort size was 9.3 ± 9.9 (n = 40) animals 
before shooting and was 9.2 ± 7.5 (n = 10) animals after shooting. Differences between pre-
shooting and post-shooting cohort size were not different (t2 = 0.976; P = 0.432). 
Tracking success rates declined from 84% pre-shooting to 56% post-shooting. Large dispersal 
events after shooting operations were the likely reason for our failure to locate Judas individuals 
using opportunistic tracking. The movement patterns for 9 of these Judas individuals were 
reported in Spencer et al. (2012), displaying area use of 7,130 ± 5,228 km2, calculated as 95% 
minimum convex polygon (Spencer et al. 2012). The Judas trial data confirmed that wild 
dromedary camels could be reliably detected in medium-large social groups before and after the 
culling of cohort animals. 
 
Discussion 
This study investigated genetic relatedness in relation to group and spatial structure in the only 
remaining wild population of dromedary camels and for the first time, trialed the Judas technique 
in a novel species with the benefit of data pertaining to genetic population structure and social 
dynamics. Genetic approaches have become increasingly important in studies where field-based 
observations are difficult because of the animal's biology (e.g., highly mobile, cryptic, or marine 
based animals; Hampton et al. 2004b, DeYoung and Honeycutt 2005). In our study, social genetic 
data elucidated the existence of a fission–fusion system, whereby social units are transient and 
dynamic, and are not defined by genetic relatedness. These genetic data support field 
observations of the fluidity of camel group size and structure between breeding and non-breeding 
seasons (Edwards et al. 2001). A trial of the Judas control method in this species further 
supported the social genetic data by revealing that wild dromedary camels could be reliably 
detected in similarly sized social groups before and after the culling of cohort animals. A general 
belief is that associations within groups of camels involve close kin, underpinned by the 
theoretical framework proposed by Hamilton (1964). This does not appear to be the case, as 
demonstrated by the fact that less than a fifth of the camel groups had a mean relatedness that was 
higher than expected by chance alone, suggesting that, although occasionally related individuals 
consolidate in a group, this is not the rule. Non-kin based aggregations are not uncommon 
amongst even social species (Lukas et al. 2005, Metheny et al. 2008). More specifically, our 
results suggest that the broadly accepted hypothesis of a matriarchal social structure in wild 
camels is groundless. We did not find evidence that females within a group are more related than 
males, as would be expected in a matriarchal society. The finding that adult-juvenile pairs 
accounted for only around a third of animal pairs displaying higher than cousin-level relatedness 
further supports the existence of a fission–fusion social system. 
Although a sex bias was apparent in relatedness within the 23 groups with significant higher 
mean relatedness, this is not a stable feature of the group structure because we were not able to 
detect a similar finding across all groups. A possible explanation for the sex-biased distribution of 
high values of pairwise relatedness within these groups is that possibly young adult females 
within these groups did not disperse yet and we argue that the high relatedness between females 
in these groups is quite possibly a transient finding. 
Spatial autocorrelation was revealing. It consolidated the conclusion for a lack of matriarchal 
structure because  rsa of adult females in the first distance class was not different to that of adult 
males. Furthermore, given the significant difference between rsa in adult males and females in the 
second and third distance classes, it allowed us to determine that related adult females disperse 
throughout the landscape at a much wider distance than males do, which is a finding that, again, 
contradicts the matriarchal hypothesis. As females reach sexual maturity, there is a significant 
change in the spatial distribution of related individuals, as demonstrated by the statistical 
difference between juvenile and adult females. These conclusions are further supported by field 
observation of male territoriality (Dörges and Heucke 1995). As noted by Storz (1999), male 
territoriality may be responsible for the detected genetic spatial structure and would explain the 
similar pattern identified in the analysis of spatial autocorrelation at the group level. The non-
random relatedness at short distance may be caused by the few dominant males siring most 
offspring within a territory and further extended by a proportion of related males establishing 
their home ranges in proximity of the natal site instead of being dictated by a family-based 
society. 
Genetic data suggest that the Judas technique should be an effective management option because 
camel congregation is not dictated by familial relationships. The existence of a fluid social 
system is highly conducive for the efficacy of Judas animals, which must find and assimilate into 
new social groups following culling events. Based on the genetic data, we would have expected 
that a Judas animal may be capable of dispersing large distances to locate a new cohort in the 
event of local eradication. Furthermore, genetic spatial analysis indicated that females are the 
correct choice for Judas individuals. In fact, genetic data indicate the existence of continual 
dispersal of camels throughout their range. The applicability of the Judas technique to dromedary 
camels is further supported by the finding of a homogenous wild camel genetic population 
structure across Australia (Spencer et al. 2012). These expectations were confirmed by the Judas 
trials conducted in this study, which indicated that wild dromedary camels are consistently 
gregarious, and that capture and telemetry methodologies are effective. We acknowledge that, 
like any study in remote areas, our experimental design had limitations; the relatively short time 
frames for which it was possible to observe each individual hindered our ability to examine the 
reliability of detection methods. 
The Judas technique does have important limitations, primarily pertaining to the capacity of 
camels to undertake large dispersal events, and the cost of the technique. Four separate camel 
tagging studies using satellite telemetry (Grigg et al. 1995, Edwards et al. 2001, Lethbridge et 
al. 2010, Spencer et al. 2012) demonstrate the extraordinarily large areas that camels use within 
the arid environments of Australia and their capacity to move large distances. The resources 
required for the initial capture phase were considerable, involving a wildlife biologist, a 
veterinarian, darting equipment, satellite collars, and the use of a helicopter and pilot, as 
described in Woolnough et al. (2012). The considerable costs involved with the use of the Judas 
technique dictate that it will not be cost-effective in areas where camel density is high, or 
seasonal conditions permit GIS-based decision-making tools to effectively predict sites of camel 
congregation (see Lamb et al. 2010). However, the Judas technique may complement these other 
control techniques, particularly where densities are low and if eradication is attempted. The 
widespread use of the Judas technique for managing feral goats on islands has resulted in the 
successful eradication of feral goats from over 100 islands worldwide (Campbell and 
Donlan 2005). This illustrates the unique ability of the technique to cull small surviving 
populations, a critical step in any eradication attempt. 
In many Judas species, collared individuals cease to be useful once local eradication is achieved, 
because of their inability or disinclination to disperse over large distances in search of a new 
cohort (McIlroy and Gifford 1997). This does not appear to be a reason for concern in wild 
dromedary camels. The dispersal capacity of wild camels may present a challenge to cost-
effective Judas operations, but may also prolong the longevity of utility for each Judas individual. 
The limited success of the Judas technique for feral pig (Sus scrofa) control (McIlroy and 
Gifford 1997) is supported by genetic data suggesting they form small dis-connected genetic 
populations (Hampton et al. 2004b). In contrast, social genetic data from wild horses (Equus 
asinus; Cameron et al. 2009), which are controlled as a pest species in some parts of the world 
(Nimmo and Miller 2007), suggest that the Judas technique could be applied successfully to this 
species (see also Table 1). 
The preliminary operational data indicates that the Judas technique would be of utility in 
controlling wild camels at low population densities. Wild camels can be captured effectively and 
humanely (Boardman et al. 2014), and telemetry technology appropriate to their dispersal 
patterns is available. Although cohort sizes were not very large in any of the stages of this study, 
the cohort size of Judas individuals did not significantly reduce after capture events or shooting 
events. This consistency in cohort size despite social group manipulation illustrates the capacity 
for Judas individuals to rapidly locate a new cohort after culling events. The Judas technique has 
the potential to be applied to camels, particularly in areas where the protection of high value 
assets (biodiversity, cultural, or pastoral) is a high priority, densities are relatively low, or 
eradication is sought. An additional consideration is the increase in culling of camels. As control 
operations increase, the genetic relatedness in highly persecuted populations poses additional 
complications in interpreting social structure (e.g., where a dilution of a larger group to a smaller 
group size, with larger variation in genetic relatedness a direct result of persecution). The most 
obvious challenge from a social perspective would be to try to characterize the individual 
interactions and therefore the reason for maintaining group membership, which we were unable 
to include in this study. 
Management implications 
Developing successful, cost effective control programs for widespread pest animals requires 
careful selection of control techniques. It is critical that these decisions are informed by sound 
science to avoid basing decisions on incorrect assumptions. Here, using molecular techniques and 
field trials, we have demonstrated, contrary to prevailing opinion, that camel groupings are not 
dictated by familial relationships. The observed fission-fusion social structure means the Judas 
technique is a suitable technique for ameliorating camel control programs. In particular, the 
benefit of this approach is in the control of low-density populations following initial population 
reductions or under environmental conditions that allow camels to disperse across the landscape. 
Our approach of combining molecular techniques with field techniques provides a useful method 
to informing the development of continental-scale pest control programs. Overall, the present 
study reiterates a general concept that is relevant for any species subject to active management: 
acquiring baseline data using well-founded information based on evidence-based science is 
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Table 1. Species for which successful application of the Judas technique has been reported 
 
Species Initial reference 
Feral goats (Capra hircus) Taylor and Katahira (1988) 
Feral cattle (Bos taurus) Carrick et al. (1990) 
Feral buffalo (Bubalus bubalis) Carrick et al. (1990) 
Feral pigs (Sus scrofa) McIlroy and Gifford (1997) 
Feral donkeys (Equus asinus) Johnson (1999), Woolnough et al. (2012) 
Himalayan tahr (Hemitragus jemlahicus) Forsyth and Tustin (2001) 
Red deer (Cervus elaphus) Nugent (2002) 
Fallow deer (Dama dama) Nugent (2002) 
European starlings (Sturnus vulgaris) Woolnough et al. (2006) 
Robust redhorse (Moxostoma robustum) Grabowski and Jennings (2009) 











Figure 1. Map of the distribution of feral camels in Australia detailing the genetic sampling 
locations in 2005–2010 (filled dots) overlaying the density distribution of wild camels (adapted 
from Saalfeld and Edwards 2010). The density map is available 
from http://www.feralscan.org.au/camelscan/pagecontent.aspx?page=camel_largepopulations (ac









Figure 2. Sampling information for wild dromedary camels (Camelus dromedarius) describing 
the number of groups of camels (hatched bars) and individual camels (solid bars) from which 
genetic samples were collected in each month, and average number of observed camels per group 




















Figure 3. Histogram of the frequency of the mean pairwise genetic relatedness values calculated 
within social groups (of more than 2 genotyped individuals; n = 117 pairs) of wild dromedary 
camels (Camelus dromedarius) in Australia, 2005–2010. We calculated genetic relatedness from 
the genotypes of 1,050 adult camels at 13 microsatellite loci. Average pairwise genetic 





















Figure 4. Relationship between the mean pairwise genetic relatedness estimate (R ± SE) as a 
function of (A) social group (group size; the trend line is shown) and (B) the month of sampling 
in wild dromedary camels (Camelus dromedarius) in Australia, 2005–2010. The bar along the top 










Figure 5. Correlogram showing the autocorrelation coefficient (rsa ± 95% CI determined with 
1,000 bootstraps; Smouse and Peakall 1999) as a function of distance (km) between different 
cohorts of wild dromedary camels (Camelus dromedarius) in Australia, 2005–2010. We present 
(A) adult females (dotted) and males (solid), (B) juvenile (dotted) and adult (solid) males, and (C) 
juvenile (dotted) and adult (solid) females. The error bars of dotted lines are given as the upper 














Supplementary Table 1  The characteristics of the primers from 18 microsatellite loci 
amplified in wild camels including the NED, VIC, FAM and PET 
fluorescent dyes (adapted from Spencer and Woolnough 2010). N/A= 
information was not published, or unavailable. N A  is the number of 
alleles described from the source manuscript. Loci marked with an 
asterix were not used in this study due to high chance of null alleles 








Core repetitive unit Size range 
(bp) 
NA 
CMS16a AF329157 NED-ATTTTgCAATTTgTTCgTTCTTTC 
ggAgTTTATTTgCTTCCAACACTT 
(TG)34 177-213 16 
CMS50a AF329149 
PET-TTTATAgTCAgAgAgAgTgCTg 
TgTAgggTTCATTgTAACA (GT)27 151-199 18 
CVRL01b AF217601 FAM-gAAgAggTTggggCACTAC 
CAggCAgATATCCATTgAA 
(GT)27(GC)6(GT)9 193-253 26 
LCA37c AF060105 
VIC-AAACCTAATTACCTCCCCCA 
CCATgTAgTTgCAggACACg (CA)8 121-137 8 
LCA65d AF091124 FAM-TTTTCCCCTgTggTTgAAT 
AACTCAgCTgTTgTCAgggg 
(TG)13 143-173 12 
LCA66d AF091125 
VIC-gTgCAgCgTCCAAATAgTCA 




(TA)4(CA)11(TA)2 204-216 6 
VOLP03e AF305228 FAM-AgACggTTgggAAggTggTA 
CgACAgCAAggCACAggA 






(TG)2TA(TG)7TA (TG)7 249-269 11 




(TG)5(G)4(TG)9CG(TG)7 258-268 6 
YWLL08f 
Lang et al. 
1996 
NED-ATCAAgTTTgAggTgCTTTCC 
CCATggCATTgTgTTgAAgAC N/A 127-173 24 




N/A 175-191 9 
YWLL44f 
Lang et al. 
1996 
FAM-CTCAACAATgCTAgACCTTgg 
gAgAACACAggCTggTgAATA AC/TG repeats 88-118 11 
*CVRL07b AF217607 FAM-AATACCCTAgTTgAAgCTCTgTCCT 
gAgTgCCTTTATAAATATgggTCTg 
(GT)14(AT)14 252-284 10 
*LCA56d AF091122 
VIC-ATggTgTTTACAgggCgTTg 




(GT)8 (GC)4 AC (GT)8 213-233 7 
*LCA77d AF091129 NED-TgTTgACTAgAgCCTTTTCTTCTTT 
gggCAAgAgAgACTgACTgg 
(GT)3A(TG)8 225-239 6 
*VOLP32e AF305234 
VIC-gTgATCggAATggCTTgAAA 
CAgCgAgCACCTgAAAgAA (TG)20 147-203 24 
 
The markers were sourced from a Evdotchenko et al. (2003); b Mariasegaram et al. (2002); c Penedo et al. 
(1998); d Penedo et al. (1999); e Obreque et al. (1998); f Lang et al. (1996) 
 
Supplementary Table 2 Measures of genetic variability of 18 microsatellite loci amplified in 914 wild adult camels from Australia, including the 
actual (NA) and effective (NE) number of alleles, observed (Ho) and expected (HE) heterozygosity, inbreeding coefficient 
(FIS = (mean HE - mean HO) / mean HE), Information index (I; Shannon; Peakall and Smouse 2006), Polymorphic 
Information Content (PIC; Peakall and Smouse, 2006) and.  Loci marked with an asterix were not used in this study (due to 
high chance of null alleles).  The program MICROCHECKER was used to estimate the presence of possible allelic dropout 
(Yes/No) and to estimate the proportion of null alleles. 
 
 
Primer NA NE HO HE F I PIC Allelic dropout 
Null alleles 
(%) 
CMS16 16 2.637 0.563 0.621 0.093 1.245 0.567 N 4.2 
CMS50 18 7.06 0.825 0.859 0.038 2.115 0.842 N 1.4 
CVRL01 24 4.98 0.742 0.800 0.072 2.260 0.788 N 3.5 
LCA37 8 1.11 0.054 0.099 0.453 0.272 0.098 N 1.7 
LCA65 9 1.06 0.143 0.153 0.186 0.161 0.053 N 5.7 
LCA66 10 4.03 0.737 0.752 0.019 1.516 0.711 N 1.3 
LCA70 7 1.19 0.133 0.164 0.190 0.347 0.154 N 7.6 
VOLP03 16 2.48 0.562 0.596 0.057 1.320 0.560 N 1.4 
VOLP10 12 3.55 0.662 0.719 0.078 1.449 0.674 N 3.6 
VOLP67 6 1.76 0.388 0.432 0.101 0.683 0.349 N 3.7 
YWLL08 25 8.72 0.858 0.886 0.031 2.462 0.845 N 1.2 
YWLL38 9 2.52 0.551 0.604 0.087 1.188 0.540 N 3.4 
YWLL44 10 1.94 0.464 0.484 0.042 0.998 0.450 N 1.0 
*CVRL07 11 2.85 0.250 0.649 0.615 1.248 0.595 N 28.7 
*LCA56 6 1.89 0.287 0.472 0.391 0.737 0.0375 N 16.8 
*LCA63 11 2.565 0.495 0.611 0.189 1.247 0.549 N 9.3 
*LCA77 5 1.03 0.015 0.032 0.533 0.098 0.032 N 8.8 
*VOLP32 24 9.66 0.469 0.897 0.477 2.579 0.889 N 23.9 
Mean ± S.E. 12.6±1.5 3.4±0.6 0.45±0.06 0.54±0.06 0.20±0.04 - - - - 
